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performed using a soil corer with a 1 cm diameter. Further investigation into small-scale 23 spatial variance was investigated using smaller soil samples (approx. 70 mg) that represented 24 the "aggregate" scale. Short-range variation was found to be dominant, with at least 61%,
25
86% and 61% of the total accumulated variance of amino acid-N, NH4-N and NO3-N, 26 respectively, occurring at scales < 2 m. Variation at larger scales (> 2 m) was not as was applied on 12/5/14 and 11/7/14 at a rate of N:P:K 50:10:10 and 60:4:0 kg ha -1 ,
168
respectively. The field was grazed until 9/6/14 and the field remained sheep free until the 169 2/9/14. The soil is a free draining Eutric Cambisol with a sandy clay loam texture and a fine 170 crumb structure.
171
To assess the chemical characteristics of the soil, replicate samples (n = 4) were 172 collected from 4 blocks (30 × 30 cm) at a depth of 0 -10 cm, representing the Ahp horizon.
173
The soil was placed in gas-permeable polyethylene bags and transported to the laboratory in a Table 1 . are assumed to be independent and identically distributed Gaussian random variables with 280 a mean of zero and a variance   s which is the between-stratum variance component.
281
Similarly Um is a n × 16 design matrix for the mainstations, and the variance of analysis suggested that this is not a plausible assumption.
298
Because all sampling could not be done in one day the sampling day was randomized Aggregate scale sampling: After any necessary transformations the n data collected to 317 investigate variation within cores were analysed according to the following statistical model.
318
An n × 1 vector of observations, y, is regarded as a realization of a random variate, Y, where
320
As in Equation (1), X is a design matrix for fixed effects and is a vector of fixed effects 321 coefficients (here just a constant mean). Again, as in Equation (1), Us is a n × 4 design 322 matrix for the strata and s is assumed to be an independent and identically distributed
323
Gaussian random variate with a mean of zero and a variance  
334
As in previous models X is a design matrix for fixed effects, here associating each 
351
As such, the standard error of the mean can be estimated as follows:
353
The 95% confidence interval of the mean could therefore be calculated given variance Table 4 and variance components for the different 388 spatial scales are shown in Table 5 .
389
The accumulated variance components, from the smallest to largest scale, are plotted 
Aggregate-scale variability of soluble N in soil 415
The grassland soil is characterized by small aggregates (ca. 1-2 mm diameter) relative 416 to the size of the bulk soil cores used in the nested samplings (1 cm diameter). Table 6 shows 417 the summary statistics for the within-core, aggregate scale variability while the variance 418 components are shown in Table 7 .
419
In all cases, the largest variance component was the between-aggregate within-core 11 sensors on each. Consider an alternative situation where the budget was fixed at £5,000.
467
This could be used to provide a single logger with 15 sensors on each, or two loggers with 5 468 sensors on each. The width of the confidence interval for these two options is ± 2.12 and ± 469 1.69 µg N g -1 dry soil respectively, so the second option is the rational choice.
470
The discussion above highlights that, with increasing budget, it is not necessarily between-mainstation scale was considered an important spatial component for all N forms.
486
It is likely that the observed variation at scales < 2 m is primarily due to the relatively 
510
The observed variation at larger spatial-scales within this study, could be due to the habit of 
Optimisation of planning a within-field soil N sensor network

528
This study clearly demonstrates how nested sampling combined with geostatistical 529 analysis can be used to explore how varying sensor-logger numbers and configurations affect 530 the degree of accuracy of a field mean estimation. Furthermore, given knowledge of logger 531 and sensor costs it is possible to rationalise planning decisions on a cost-accuracy basis.
532
Given the unit costs of £2000 and £200 respectively for a data logger and NO3 -ISE, the field ISEs used for the cost calculation were chosen as they were used previously in this thesis
. There is currently a wide range of similar devices, with a range of costs,
538
currently on the market so the figures for the cost of implementing a sensor network 539 described above should not be considered absolute. Furthermore, it is likely that the cost of 540 the technology will continue to fall.
24
It is important to note that the data used for these calculations was derived from the 542 nested sampling which used a soil corer of 1 cm diameter. 
579
It is important to consider how the approach used in this study could be applied to 
Conclusions
609
In this study, the spatial variation of amino acids, NH4 + and NO3 -within the soil of a 610 grazed grassland field was investigated using a nested sampling approach and geo-statistical 611 analysis. Variation at small scales (< 2 m) was shown to be dominant, with further large 612 variance evident at scales < 1 cm. The observed variation was attributed to the random input 613 of N to the soil via sheep excreta and the inherent heterogeneity of soil at the aggregate scale.
614
Optimising the deployment of in-situ soil sensors, on the basis of accuracy and cost, was 615 demonstrated using data derived from the nested sampling and showed that achieving between-strata components respectively. between-strata components respectively. 
